The Xiajinbao gold deposit is located at the northern margin of the North China Craton. Hydrothermal pyrites belonging to three stages were identified: Py1; Py2; and Py3. Geochemical study of these pyrites was conducted using electron probe microanalysis and laser ablation inductively coupled plasma mass spectrometry to investigate the distributions of minor and trace elements, constrain pyrite genesis, and to obtain an improved understanding of the ore-forming processes. Py1 and Py2 contain high concentrations of Au and are interpreted to have been deposited from fluids from a dominantly magmatic source. Py3 grains have the lowest Co/Ni ratios. All generations of pyrite were deposited by mixing of meteoric waters with magmatic-hydrothermal fluids. Boiling of early ore-forming fluids led to the precipitation of Py1 and gold. Decreasing f O 2 in the ore-forming system resulted in the formation of Py2 and gold. Fluid mixing was the dominant controlling factor for the precipitation of Py3 together with small amounts of gold.
Introduction
More than 70% of China's gold resources occur along the margins of the North China Craton (NCC) and in adjacent orogenic belts. These include China's most important gold deposits on the Jiaodong Peninsula, which is located along the eastern side of the North China Craton; and the Daqingshan, Yan-Liao, and Changbaishan gold provinces, which are located along the northern side of the North China Craton [1] . In the Yan-Liao gold field, there is an EW-trending gold field from which approximately 1000 tons of gold have been extracted to date [1] . Recent studies have suggested that the gold deposits in the North China Craton formed as a result of multiple orogenic events [2] . Approximately 70% of the gold deposits in the Yan-Liao gold field are hosted in Precambrian metamorphic rocks, while 30% of the gold deposits occur in Paleozoic and Mesozoic intrusive rocks [3] .
The Jidong gold concentration area (or Eastern Hebei Province; East longitude 117 • 30 -119 • 00 , North latitude 40 • 00 -40 • 40 ) is an important gold ore concentration area within the Yan-Liao gold field. Tectonically, this area is located on the SE edge of the Yanshanian tectonic belt, on the northern edge of the Northern China plate (Figure 1a ). In total, 29 gold deposits and 118 smaller gold prospects
The Jidong gold concentration area (or Eastern Hebei Province; East longitude 117°30′-119°00′, North latitude 40°00′-40°40′) is an important gold ore concentration area within the Yan-Liao gold field. Tectonically, this area is located on the SE edge of the Yanshanian tectonic belt, on the northern edge of the Northern China plate (Figure 1a ). In total, 29 gold deposits and 118 smaller gold prospects have been defined in this area, with an accumulated proven reserve of 129.5 t Au, constituting 2.4% of China's total gold reserves [4] . The economically viable gold deposits in the Jidong area all occur within Mesozoic units and are closely linked to acid to intermediate intrusive rocks [5] . These deposits include the large Yuerya gold deposit (Au: 50 t), the large Jinchangyu gold deposit (Au: 10 t), and the medium Huajian (or Niuxinshan) gold deposit (Au: 10 t), Dongliang gold deposit (Au: 19.53 t), Tangzhangzi gold deposit (Au: 1.025 t; Ag: 1 t; Mo: 47 t) and Xiajinbao gold deposit (Au: 3.9 t), respectively ( Figure 1b) .
Xiajinbao is an important medium-scale gold deposit located in the Jidong concentration area on the northern edge of the North China Craton, has an average gold grade of about 1.91 g/t. Fission track dating of zircon and apatite indicate that the metallogenic age is 153.9 Ma [6] , which is close to the molybdenite Re-Os model age of 163. 4 Ma [7] . The ore-forming fluid is characterized by moderate to high temperature and moderate to high salinity, and it is rich in CO2 [8] . Previous studies [8] [9] [10] [11] have concluded that the Xiajinbao gold deposit belongs to a volcanic to sub-volcanic hydrothermaltype or porphyry gold deposit. However, the controlling factors of Au precipitation and the oreforming processes have remained unclear until now.
Pyrite is the most important Au-hosting mineral in the Xiajinbao deposit. Since the pyrite precipitated directly from the ore-forming fluid, the trace element composition of the pyrite may provide useful information about the character of the ore-forming fluid and the ore-forming process [12, 13] . Determination of trace element concentrations by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a powerful tool to define distinct generations of pyrite deposition and to define hydrothermal mineralization events [12] [13] [14] . However, no previous research of this type has been conducted for the Xiajinbao gold deposits. In this contribution, we report LA-ICP-MS data for pyrite from the Xiajinbao gold deposit, investigate the trace element distribution in pyrite and discuss pyrite genesis to constrain ore-forming processes. [4] and Song et al. [5] ). [4] and Song et al. [5] ).
Geological Setting
Located on the southeastern edge of the Yanshanian tectonic belt (Figure 1b,c) on the northern edge of the Northern China block, the Jidong area occurs at the junction between the Northern China block, the Siberian plate and the Pacific plate [11] . This area has experienced a geological evolution characterized by several tectonic events since 3800 Ma [15] . Since the formation of the crystalline basement during the late Proterozoic Lvliang movement (ca. 1800 Ma), major tectonic deformation events have been absent for nearly 1600 Ma [16] . The area entered an intra-continental orogenic stage during the Mesozoic, which was associated with extensive magmatic activity together with the deposition of gold, molybdenum, copper, lead, zinc, and silver [17, 18] .
Widespread Precambrian rocks host gold mineralization in this region, include mineralization in the Jinchangyu, Yuerya, Huajian, and Dongliang deposits. The early Precambrian units are the most extensive units, and they make up the metamorphic crystalline substrate in the craton, including rocks as old as ca. 3.5 Ga [19, 20] . These rocks include the Paleo-to Mesoarchean Qianxi and Zunhua groups, which consist of granulite-to amphibolite-facies mafic to felsic volcanic and sedimentary rocks, as well as the Qian'an Terrane that consists of granulite successions that have variably retrogressed to amphibolite-facies, with protoliths including calc-alkaline volcanic rocks [5] . The middle-upper Proterozoic strata can be divided into three systems, i.e., the Changcheng system, the Jixian system, and the Qingbaikou system. These strata comprise mainly of a series of non-metamorphosed, or slightly metamorphosed platform-type marine-facies Mg-rich carbonate rocks, breccia, and claystone that represent the first set of sedimentary cover on the crystalline basement in this area. The Paleozoic strata of the Jidong area mainly include the Cambrian, Ordovician, and Permian systems. The Cambrian and Ordovician strata comprise a set of stable platform-type neritic-facies sediments, which are in contact with the underlying middle-upper Proterozoic strata in the form of a parallel unconformity or an unconformity. The Permian strata comprise a set of intra-continent basin sediments, which are mainly composed of fluvial-, lacustrine-, and swamp-facies, coal-bearing, clastic rocks and continental red, variegated, clastic rocks. The Jurassic strata mainly comprise middle Jurassic and upper Jurassic strata. The Triassic and lower Jurassic strata are missing. Only disseminated outcrops of Cretaceous strata are present in the eastern area. The middle Jurassic represents a set of volcanic-sedimentary rocks composed of continental red beds, intermediate volcanic rocks, and volcaniclastic units. The upper Jurassic strata comprise a set of intermediate-acidic to sub-alkaline volcanic rocks. Complicated folds are commonly scattered in the Archean crystalline substrate. The early stage folding is characterized by tight isoclinal folds with axial plane of the N-S trending and west-dipping. The late stage is characterized by open folds with a near-SE or NEE axis and a W-dipping axis surface [21] . Since the Triassic, this area has experienced several cycles, including the Indo-China cycle, the Yanshanian cycle, and the Himalayan cycle. The main fold in the area is the near-EW Malanyu anticlinorium, which formed during the late Jurassic. The faults of this area can be divided into three categories based on their time of formation and stress mechanism: (1) Archean faults, which represent the products of the intensive ductile compression and deformation of strata; (2) Faults that formed during the Proterozoic-Paleozoic and activated faults that formed during the Archean, which include the near-EW compressive faults, near-SN extensive faults, and NE-NW-striking twisting faults that formed under near-SN compressive stress; and (3) Faults that have formed since the Mesozoic, which mainly exist in the form of NE-NNE compressive and twisting faults and NW extensive faults. The intrusive rocks of the Jidong area are mainly distributed along an arc-shaped area striking to the south. These rocks mainly formed during two eras: the neo-Archean-Proterozoic, and the Triassic-Jurassic. The neo-Archean Shuichang granite has an isotopic age of 3000 Ma. The Yangyashan granite has an isotopic age of 2980 Ma. The grayish gneisses in Caozhuang and Huangbaiyu have an isotopic age of 3300 Ma [4] . The products of Triassic magmatic activity occur mainly in the eastern part of the Jidong area, such as the Dushan complex massif (210-223 Ma) [22] 
Ore deposit Geology

Host Rocks and Structures
The Archean Lamagou Formation of the Qianxi Group represents the oldest strata in the Xiajinbao area ( Figure 2 ). These strata are dominated by grayish plagioclase hornblende gneiss dipping NW at an angle of 64-86 • . The gneissic schistosity strikes at an angle of 50 • . The intermediate to basic lava that was formed from seafloor volcanic eruptions experienced Archean regional metamorphism to form the ancient crystalline basement, which exhibits relatively high Au background values. Fractures and folds are well developed in the Xiajinbao area. Folds mainly occur in the form of Archean dome structures, with well-developed, interlayered detachment zones. The fractures are mainly divided into 3 groups based on their strikes: NE-NNE, E-W, and N-S. The location of the granitic porphyry body is controlled by the NE-NNE-striking F4 deep fault. Its secondary structure system represents the major ore-hosting structure in the Xiajinbao area. 
Ore deposit Geology
Host Rocks and Structures
The Archean Lamagou Formation of the Qianxi Group represents the oldest strata in the Xiajinbao area (Figure 2 ). These strata are dominated by grayish plagioclase hornblende gneiss dipping NW at an angle of 64-86°. The gneissic schistosity strikes at an angle of 50°. The intermediate to basic lava that was formed from seafloor volcanic eruptions experienced Archean regional metamorphism to form the ancient crystalline basement, which exhibits relatively high Au background values. Fractures and folds are well developed in the Xiajinbao area. Folds mainly occur in the form of Archean dome structures, with well-developed, interlayered detachment zones. The fractures are mainly divided into 3 groups based on their strikes: NE-NNE, E-W, and N-S. The location of the granitic porphyry body is controlled by the NE-NNE-striking F4 deep fault. Its secondary structure system represents the major ore-hosting structure in the Xiajinbao area. The Lamagou Formation of the Xiajinbao Group contains the oldest strata in the Xiajinbao area. Its orogenesis mainly intruded into Archean-Jurassic strata, which are distributed along SE-NW direction, with an outcropping area of 0.35 km 2 . These rocks show porphyritic and massive structures. The major ore minerals mainly intruded into the Archean-Jurassic strata. The phenocrysts are mainly quartz, K-feldspar, and minor plagioclase. The matrix consists mainly of micro-fine Kfeldspar and quartz. The K-feldspar content in the rock ranges from 35% to 40%. The phenocrysts are mainly hypidiomorphic in form. The accessory minerals include zircon and apatite. The plagioclase content in the rock is approximately 30%. Plagioclase phenocrysts mainly occur as hypidiomorphic platy crystals, with developed polysynthetic and Carlsbad twinning, together with sericite and kaolinite. The accessory minerals commonly exhibit a certain degree of sericitization. Quartz represents 25-30% of the rock and fills the spaces between other mineral grains in the form of The Lamagou Formation of the Xiajinbao Group contains the oldest strata in the Xiajinbao area. Its orogenesis mainly intruded into Archean-Jurassic strata, which are distributed along SE-NW direction, with an outcropping area of 0.35 km 2 . These rocks show porphyritic and massive structures. The major ore minerals mainly intruded into the Archean-Jurassic strata. The phenocrysts are mainly quartz, K-feldspar, and minor plagioclase. The matrix consists mainly of micro-fine K-feldspar and quartz. The K-feldspar content in the rock ranges from 35% to 40%. The phenocrysts are mainly The Xiajinbao gold deposit consists of 28 gold ore bodies. These are distributed in parallel veins within an area that is approximately 700 m long and 400-600 m wide; these ore bodies are mainly NE-trending and occasionally quickly switch to NNE-trending. The ore bodies dip to the NW, and they locally swell and pinch, branch and recombine, and vanish and reappear ( Figure 3) . The average thickness of the ore bodies is 3.02 m; they have a maximum grade of 7.5 g/t, a minimum grade of 1.05 g/t, and an average grade of 1.91 g/t. xenomorphic grains with diameters ranging from 0.2 to 2 mm. Biotite comprises approximately 3% of the total rock. The total content of the remaining minerals is less than 2%.
Ore Bodies, Ore Types, and Mineralogy
The Xiajinbao gold deposit consists of 28 gold ore bodies. These are distributed in parallel veins within an area that is approximately 700 m long and 400-600 m wide; these ore bodies are mainly NE-trending and occasionally quickly switch to NNE-trending. The ore bodies dip to the NW, and they locally swell and pinch, branch and recombine, and vanish and reappear ( Figure 3 ). The average thickness of the ore bodies is 3.02 m; they have a maximum grade of 7.5 g/t, a minimum grade of 1.05 g/t, and an average grade of 1.91 g/t. The Xiajinbao gold deposit is dominated by disseminated ores and quartz vein-type ores, with the disseminated ores occurring on both sides of the quartz veins ( Figure 4 ). The main ore minerals are pyrite, chalcopyrite, galena, and sphalerite, together with native gold and electrum, and minor tetrahedrite and molybdenite. Gangue minerals include quartz, sericite, kaolinite, carbonates, and fluorite. There are two types of gold occurrence in the area: discrete minerals (native gold and electrum); and "invisible gold" locked in the crystal lattice of pyrite, galena, and sphalerite [25] . Ore textures include replacement, exsolution, inclusion, and fracture-filling ( Figure 4 ). Individual mineral grains may be idiomorphic, hypidiomorphic, and allotriomorphic.
Alteration Assemblages
Several distinct types of hydrothermal alteration occur in the Xiajinbao deposit and include potassic and sodic alteration, silicification, sericitization, kaolinization, fluoritization, and carbonization. Associated ore minerals include pyrite, galena, sphalerite, chalcopyrite, tetrahedrite, and molybdenite. Silicification, sericitization, and pyritization are most closely related to the gold mineralization. The Xiajinbao gold deposit is dominated by disseminated ores and quartz vein-type ores, with the disseminated ores occurring on both sides of the quartz veins ( Figure 4 ). The main ore minerals are pyrite, chalcopyrite, galena, and sphalerite, together with native gold and electrum, and minor tetrahedrite and molybdenite. Gangue minerals include quartz, sericite, kaolinite, carbonates, and fluorite. There are two types of gold occurrence in the area: discrete minerals (native gold and electrum); and "invisible gold" locked in the crystal lattice of pyrite, galena, and sphalerite [25] . Ore textures include replacement, exsolution, inclusion, and fracture-filling ( Figure 4 ). Individual mineral grains may be idiomorphic, hypidiomorphic, and allotriomorphic.
Several distinct types of hydrothermal alteration occur in the Xiajinbao deposit and include potassic and sodic alteration, silicification, sericitization, kaolinization, fluoritization, and carbonization. Associated ore minerals include pyrite, galena, sphalerite, chalcopyrite, tetrahedrite, and molybdenite. Silicification, sericitization, and pyritization are most closely related to the gold mineralization. 
Paragenetic Sequences of Mineralization
Based on studies regarding the intersecting relationships among the ore-bearing veins and the paragenetic relations among the minerals, the metallogenic process can be divided into three stages: quartz-pyrite stage (Stage 1); quartz-galena-sphalerite stage (stage 2); and the quartz polymetallic sulfides (pyrite, chalcopyrite, galena, sphalerite, and tetrahedrite) stage (Figure 4h ,i). A paragenetic diagram is provided for the Xiajinbao ores in Figure 5 .
Quartz-pyrite veins of Stage 1 are mainly observed within the contact zone between the altered granitic intrusion and the wall rocks and commonly display banded textures. Ore minerals include xenomorphic electrum and native gold. The gold is mainly distributed in fissures within pyrite. Pyrite mainly occurs in quartz veins.
Quartz-galena-sphalerite-pyrite stage of Stage 2 also occur in the contact zone between the altered granite porphyry and the wall rocks. The ore minerals include hypidiomorphic pyrite, sphalerite and galena, and more rarely, electrum and native gold. Galena replaces sphalerite and sphalerite replaces pyrite. Most of the gold is observed in fissures within pyrite, and more rarely, within sphalerite and galena. Rare gold inclusions occur in other sulfides.
Quartz-polymetallic sulfide (pyrite, chalcopyrite, galena, sphalerite, tetrahedrite) veins of Stage 3 occur within the contact zone between the altered granitic porphyry body and wall rock in the form of separate veins and stockworks. Major ore minerals include hypidiomorphic granular pyrite, Galena-sphalerite-quartz vein-bearing altered granitic porphyry; (c) Multi-sulfide (pyrite, chalcopyrite, tetrahedrite, galena, sphalerite)-quartz-bearing altered granitic porphyry; (d) Native-gold-pyrite-bearing quartz vein; (e) Sphalerite replacing hypidiomorphic-allotriomorphic pyrite and replaced by galena; (f) Sphalerite replacing hypidiomorphic-allotrimorphic pyrite, chalcopyrite replacing pyrite and sphalerite, tetrahedrite replacing sphalerite, and chalcopyrite; (g) Common crystallization texture between galena and sphalerite; (h) Galena-sphalerite-quartz vein cutting through pyrite-quartz vein; (i) Multi-sulfides (pyrite, chalcopyrite, tetrahedrite, galena, sphalerite)-quartz vein. Py-pyrite; Ccp-chalcopyrite; Gn-galena; Sp-sphalerite; Td-tetrahedrite; Bi-bismuth.
Based on studies regarding the intersecting relationships among the ore-bearing veins and the paragenetic relations among the minerals, the metallogenic process can be divided into three stages: quartz-pyrite stage (Stage 1); quartz-galena-sphalerite stage (stage 2); and the quartz polymetallic sulfides (pyrite, chalcopyrite, galena, sphalerite, and tetrahedrite) stage (Figure 4h,i) . A paragenetic diagram is provided for the Xiajinbao ores in Figure 5 .
Quartz-galena-sphalerite-pyrite stage of Stage 2 also occur in the contact zone between the altered granite porphyry and the wall rocks. The ore minerals include hypidiomorphic pyrite, sphalerite and galena, and more rarely, electrum and native gold. Galena replaces sphalerite and sphalerite replaces pyrite. Most of the gold is observed in fissures within pyrite, and more rarely, within sphalerite and galena. Rare gold inclusions occur in other sulfides. 
Sampling and Analyses
Sample Sites
Ore samples were collected from the No.19 orebody of the Xiajinbao deposit. The locations and types of samples are listed in Table 1 . 
Microscopic Observations and Electron-Probe Microanalyses
Representative ore samples were collected to represent the different pyrite stages and were prepared into polished sections in the 230 Division of the Changsha Uranium Geology Research Institute. The polished section is flat on the bottom and polished on the top. The polished sections were observed under the reflecting ore microscope to identify the mineral assemblages of three pyrite stages, the paragenetic sequences of the minerals, and the distribution of visible gold within those samples.
Ore minerals and ore textures were observed in polished sections using standard reflected-light microscopy techniques. Selected representative thin sections containing more auriferous pyrite and Au-bearing minerals were analyzed by electron probe microanalysis (EPMA) using a Shimadzu EPMA-1720H housed at the School of Geosciences and Info-physics (SGI), Central South University (CSU), Changsha, China. The operating conditions of the electron microprobe were an accelerating 
Sampling and Analyses
Sample Sites
Microscopic Observations and Electron-Probe Microanalyses
Ore minerals and ore textures were observed in polished sections using standard reflected-light microscopy techniques. Selected representative thin sections containing more auriferous pyrite and Au-bearing minerals were analyzed by electron probe microanalysis (EPMA) using a Shimadzu EPMA-1720H housed at the School of Geosciences and Info-physics (SGI), Central South University (CSU), Changsha, China. The operating conditions of the electron microprobe were an accelerating voltage of 15 kV, a beam current of 10 nA, and an electron beam diameter of 1 µm. The following X-ray lines were used to analyze different elements: As Lα, S Kα, Fe Kα, Co Kα, Ni Kα, Au Mα, and Pb Mα. The mineral and metal standards used for the calibration of elemental X-ray intensities included pyrite (S and Fe), GaAs (As), cobalt (Co), nickel (Ni), gold (Au), and galena (Pb). The resulting data were then ZAF-corrected using proprietary Shimadzu software. The minimum detection limit of Fe was 0.01 wt %, that of S was 0.01 wt %, that of Co was 0.03 wt %, that of Ni was 0.01 wt %, that of Au was 0.06 wt %, that of Pb was 0.04 wt %.
LA-ICP-MS In-Situ Trace Element Analysis
LA-ICP-MS analysis was conducted by the Nanjing Jupu Analysis Technology Co., Ltd, Nanjing, China. The LA-ICP-MS analysis system consisted of the Analyze Excite 193nm ArF Laser Ablation System (LA) made in the United States and the Agilent 7700x induced polarization plasma mass spectrum (ICP-MS) made in Japan. During laser ablation, the deep ultra-violet beams generated by the laser generator were focused on the sulfide through the homogenized light path. The energy density was 4.0 J/cm 2 . The beam diameter was 40 µm. The frequency was 7.0 Hz. ICPMS-DataCal software (version 10.4) was adopted for offline processing of the raw analytical data and included selection of sample and blank signal, equipment sensitivity drift calibration, and element content calculation. The standard was analyzed twice every 1.5 h with a 100-µm beam size at 10 Hz to correct for instrument drift. The accuracy is expected to be better than 20% for most elements. A series of 11 elements was chosen for spot analysis (i.e., Fe, Co, Ni, Cu, Zn, As, Ag, Te, Au, Pb, and Bi) in this study. The minimum detection limit of S was 50.8 ppm, that of Fe was 2.9 ppm, that of As was 0.9 ppm, that of Au was 0.9 × 10 −3 ppm, that of Co was 3.5 × 
Results
Petrography and Mineralogy
In the Xiajinbao deposit, pyrite is the main mineral host for gold. Gold occurs within pyrite as visible gold (native gold, electrum) within fractures or as inclusions. In this study, three stages of hydrothermal pyrite were carefully identified: Py1 (early-stage pyrite); Py2 (middle-stage pyrite); and Py3 (late-stage pyrite) (Figure 4 ). The Py1 is mostly distributed in the quartz veins (Stage 1), and occur as hypidiomorphic fine grains (Figure 6a,f) . Bi-bearing inclusions are observed in the Py1. The Py2 is mainly distributed within the quartz veins (stage 2), and occur as idiomorphic-hypidiomorphic grains (Figure 6b-d,g,h) . It is characterized by pores and fissures, containing some porous nuclei. The Py2 are usually associated with galena and sphalerite. The fissures in the Py2 are usually filled by galena and sphalerite. In addition, Bi-bearing inclusions are also observed in the Py2. The Py3 is distributed within the quartz veins (stage 3), and occur as porous hypidiomorphic fine grains, which are mostly associated with chalcopyrite, tetrahedrite, galena, and sphalerite (Figure 6e ,i).
Occurrence of Electrum and Gold-Bearing Minerals
Gold minerals in the Xiajinbao deposit are mainly electrum, and minor native gold. Electrum and native gold dominantly take the form of granules with various shapes (Figures 6 and 7) . Granule diameter statistics under the microscope indicate that the diameter of the gold minerals mostly occur within the range of 0.005-0.053 mm, which accounts for more than 80% of the total gold grains ( Table 2) . independent minerals (Figure 6e ). Small amounts of native gold are also observed embedded within the space among the quartz crystals, with some of the gold included within the quartz crystals (Figure  6e,f) . 
LA-ICP-MS Trace Element Microscopic in Situ Analysis
LA-ICP-MS spot analyses of 8 representative pyrite grains are given in Table 4 . Au contents in Py1 range from 0.00 to 7.4 ppm (n = 10), which are less than those in Py2, which range from 0.03 to 10.1 ppm (n = 8). Py3 type pyrites have the lowest Au concentrations of below the minimum level of detection to 0.39 ppm (n = 9). Compared to Py1 and Py2, Py3 has more abundant trace elements The gold minerals mostly occur as inter-granule and less commonly as inclusions and as gold within microscopic fractures within pyrite (Table 3 ; Figure 6a 
LA-ICP-MS spot analyses of 8 representative pyrite grains are given in Table 4 . Au contents in Py1 range from 0.00 to 7.4 ppm (n = 10), which are less than those in Py2, which range from 0.03 to 10. The concentration of Fe and S are from EPMA. "-" below detection limits.
Discussion
Trace Element Distributions in Pyrite
Trace metals in pyrite may occur in several ways: (1) as solid solution within the crystal lattice [14] ; (2) within nanoparticles of sulfides [26] ; (3) within micron-sized inclusions of sulfides [14] ; and (4) within micron-sized inclusions of silicate or oxide minerals [27] .
Siderophile and chalcophile elements, including Co, Ni, and As, are commonly contained within pyrite (Table 4) . A well-defined positive correlation exists between Co and Ni (Figure 8a) . Furthermore, there is a negative correlation between Fe and Co, and a negative correlation was also observed between Fe and Ni (Figure 8b ,c) in pyrite from different mineralization stages, which indicates that Ni and Co entered the lattice via isomorphous replacement of Fe. The EPMA and LA-ICPMS results show a negative correlation between As and S (Figure 8d) , which is consistent with the substitution of As for S as anionic As − in the Fe(S 1−x As x ) 2 solid solution [28, 29] . The application of the Au solubility line in the Te-As system [30] represents a method to distinguish between Te in solid solution and inclusion-related presence of Te in pyrite. In Figure 8e , the plots of Py1 and Py2 all below the Au solubility line, suggesting Te is incorporated into the pyrite lattice. Py3 is plotted near or above the line of Au saturation, which reflects the formation of Te-bearing nanoparticles (Figure 8e ) [30] . Arsenic significantly affects the incorporation of Te into pyrite due to structural distortion [30] . However, there is no clear relationship between As and Te (Figure 8e) , and a negative correlation was observed between (As + Te) and S in pyrite (Figure 8f) . Thus, we speculate that Te and As entered the lattice together via isomorphous replacement of S.
There is a positive correlation between Fe and Pb, and a positive correlation was also observed between Fe and Cu in pyrite from different mineralization stages (Figure 8g,h) . Lead is least likely to be incorporated into the pyrite crystal lattice due to its ionic size [13] . It has a faster precipitation rate from an aqueous solution as a metal sulfide when compared to Fe [31, 32] . Thus, Pb forms galena prior to pyrite formation, such that galena inclusions are commonly found in pyrite. Several analytical spots with higher levels of Pb than in other pyrite samples from different mineralization stages support this interpretation (Table 4) . Similarly, high Cu and Zn concentrations probably result from inclusions of chalcopyrite and sphalerite, respectively. Furthermore, micro-inclusions in pyrite may influence the bulk pyrite geochemistry that was detected ( Table 4 ). The few anomalously high Cu, Pb, and Zn analyses in pyrite may result from the presence of Cu-bearing phases, Pb-bearing phases (galena inclusions), and Zn-bearing phases (sphalerite inclusions) (Figure 9 ). LA-ICPMS data indicates that the Bi content is low in pyrite (0.01-1.39 ppm), with only one exception (360 ppm). During LA-ICPMS analysis, the Bi ion signal is essentially non-detectable. However, visible Bi-bearing minerals are found under reflected-light microscopy ( Figure 6c ). The anomalously high Bi and Pb values may be attributed to Bi-or Pb-Bi-bearing inclusions (Bi-bearing galena) within the pyrite. stages support this interpretation (Table 4) . Similarly, high Cu and Zn concentrations probably result from inclusions of chalcopyrite and sphalerite, respectively. Furthermore, micro-inclusions in pyrite may influence the bulk pyrite geochemistry that was detected ( Table 4 ). The few anomalously high Cu, Pb, and Zn analyses in pyrite may result from the presence of Cu-bearing phases, Pb-bearing phases (galena inclusions), and Zn-bearing phases (sphalerite inclusions) ( Figure 9 ). LA-ICPMS data indicates that the Bi content is low in pyrite (0.01-1.39 ppm), with only one exception (360 ppm). During LA-ICPMS analysis, the Bi ion signal is essentially non-detectable. However, visible Bibearing minerals are found under reflected-light microscopy ( Figure 6c ). The anomalously high Bi and Pb values may be attributed to Bi-or Pb-Bi-bearing inclusions (Bi-bearing galena) within the pyrite. Gold-bearing inclusions (native gold and electrum) were observed in pyrite from several samples by reflected light ore microscope, suggesting that higher Au concentrations in pyrite may result from minute Au-bearing inclusions in the micro-fractures of pyrite (Figure 7) . However, small amounts of Au also were incorporated into the pyrite lattice or the interstices when other elements distorted the pyrite lattice to allow that gold to enter [33] . The content of Au in Py3 is obviously lower than Py1 and Py2 (Figure 10a ). According to the Au-As plot (Figure 10b ), pyrite from different mineralization stages indeed appears to contain significant gold as nanoparticles and in solid solution. There is a negative correlation between Fe and Au in pyrite from different mineralization stages (Figure 10c ), indicating that Au entered the lattice via isomorphous replacement of Fe. However, the ionic radius of Au + is different from that of Fe 2+ , so the replacement between Au + and Fe 2+ seem impossible. A coupled substitution mechanism of the type Au 3+ + Cu + ↔ 2Fe 2+ was proposed [34] . However, there is also no clear correlation between (Au + Cu) and Fe in pyrite (Figure 8d ), in turn suggesting that the coupled substitution mechanism is not valid. The fact that there is a negative correlation between Au + Cu + Co + Ni and Fe (Figure 10e ) reflect the coupled reaction of Au + + Cu + + Co 2+ + Ni 2+ ↔ 3Fe 2+ [34] . In addition, the incorporation of oxidised Au and As species in pyrite due to higher f O 2 conditions may be accommodated by a mechanism incorporating the effect of vacancies of the type As 3+ + yAu + + 1 − y( ) ↔ 2Fe 2+ [35] . The good negative relationship between (Au + As) and Fe in Py3 (Figure 10f) suggests that Au and As entered the lattice via isomorphous replacement of Fe at higher f O 2 conditions. Gold-bearing inclusions (native gold and electrum) were observed in pyrite from several samples by reflected light ore microscope, suggesting that higher Au concentrations in pyrite may result from minute Au-bearing inclusions in the micro-fractures of pyrite ( Figure 7) . However, small amounts of Au also were incorporated into the pyrite lattice or the interstices when other elements distorted the pyrite lattice to allow that gold to enter [33] . The content of Au in Py3 is obviously lower than Py1 and Py2 (Figure 10a ). According to the Au-As plot (Figure 10b ), pyrite from different mineralization stages indeed appears to contain significant gold as nanoparticles and in solid solution. There is a negative correlation between Fe and Au in pyrite from different mineralization stages (Figure 10c ), indicating that Au entered the lattice via isomorphous replacement of Fe. However, the ionic radius of Au + is different from that of Fe 2+ , so the replacement between Au + and Fe 2+ seem impossible. A coupled substitution mechanism of the type Au 3+ + Cu + ↔ 2Fe 2+ was proposed [34] . However, there is also no clear correlation between (Au + Cu) and Fe in pyrite (Figure 8d ), in turn suggesting that the coupled substitution mechanism is not valid. The fact that there is a negative correlation between Au + Cu + Co + Ni and Fe (Figure 10e ) reflect the coupled reaction of Au + + Cu + + Co 2+ + Ni 2+ ↔ 3Fe 2+ [34] . In addition, the incorporation of oxidised Au and As species in pyrite due to higher fO2 conditions may be accommodated by a mechanism incorporating the effect of vacancies of the type As 3+ + yAu + + 1 -y(□) ↔ 2Fe 2+ [35] . The good negative relationship between (Au + As) and Fe in Py3 (Figure 10f) suggests that Au and As entered the lattice via isomorphous replacement of Fe at higher fO2 conditions.
The fact that measured values in Py1, Py2, and Py3 are concordant with empirical evidence for incorporation of greater amounts of Au into pyrite. Gold can be observed in sulfide fractures and the grain margins (Tables 2 and 3, Figure 7) , implying Au have originally been incorporated within the sulfides and was released [36] . Pokrovski et al. [37] have shown that incomplete redissolution of arsenopyrite can result in gold precipitation along grain boundaries and within fractures in the sulfide. Furthermore, the observed Au enrichment, the presence of nano-to micropores in the interior of some grains (Figure 7b,c) and the clearance of quartz grains (Figure 7e,f) , is suggestive of fluid- 
Pyrite Genesis
Cobalt and Ni contents in pyrite may reflect the origin of pyrite and the geological setting in which they formed [33, 38] . The Co/Ni ratios of Py1 range from 1.91 to 13.45 (Table 4) , with an average of 5.80, consistent with ratios for magmatic hydrothermal pyrite [14] and similar to values for the host rock (Xiajinbao granite porphyry). The majority of Co/Ni ratios for Py2 vary from 1.66 to 5.10, The fact that measured values in Py1, Py2, and Py3 are concordant with empirical evidence for incorporation of greater amounts of Au into pyrite. Gold can be observed in sulfide fractures and the grain margins (Tables 2 and 3 , Figure 7) , implying Au have originally been incorporated within the sulfides and was released [36] . Pokrovski et al. [37] have shown that incomplete redissolution of arsenopyrite can result in gold precipitation along grain boundaries and within fractures in the sulfide. Furthermore, the observed Au enrichment, the presence of nano-to micropores in the interior of some grains (Figure 7b,c) and the clearance of quartz grains (Figure 7e,f) , is suggestive of fluid-assisted replacement via reactions between preexisting arsenopyrite and the late percolating fluid.
Cobalt and Ni contents in pyrite may reflect the origin of pyrite and the geological setting in which they formed [33, 38] . The Co/Ni ratios of Py1 range from 1.91 to 13.45 (Table 4) , with an average of 5.80, consistent with ratios for magmatic hydrothermal pyrite [14] and similar to values for the host rock (Xiajinbao granite porphyry). The majority of Co/Ni ratios for Py2 vary from 1.66 to 5.10, with three ranging 0.32-0.69, indicating that Py2 may have been precipitated from mixed fluids of magmatic water with fluids of other origins. The Co/Ni ratios of Py2 are mostly above the Co/Ni ratios of Py1 (Table 4 , Figure 8a ). Moreover, H-O isotopic data from the middle-stage ore-forming fluid show a small proportion of meteoric water mixed in [8] with the dominant magmatic water. Py1 and Py2 pyrites have significant amounts of Au, indicating that the initial magmatic fluids must have been enriched in Au. In contrast, a majority of Co/Ni ratios from the Py3 ranges from 0.06-0.62 (av. 0.22), with only one analysis above 1 (Table 4, Figure 8a ). This is attributed to metamorphic and/or epizonogenic hydrothermal fluids [39] that are related to sedimentary facies [40, 41] . H-O isotopic data for late-stage Au-bearing quartz veins suggest that the δ 18 O values for the ore-forming fluid shifted to meteoric water [8] . Therefore, the Py3 formed in a mixture dominated by evolved meteoric water with a smaller proportion of magmatic water. Py3 contains smaller amounts of Au than Py1 and Py2, which may have resulted from the fact that the late-stage ore-forming fluids are dominated by meteoric water and have only weak gold-carrying capability. Fluids with a high H 2 S content tend to have a strong capability for carrying Au. Meteoric water, which has a relatively low H 2 S content, has a weak gold-carrying capability, leading to a lower gold content in Py3 compared to Py1 and Py2 (Figure 10a ).
Ore-Forming Process
Yuan et al. [6] conducted fission track age analysis on zircon and apatite from ores of the Xiajinbao deposit, and they concluded that the age of Au mineralization began at 153.9 Ma. The timing of metallogenesis is close to that of the host rock petrogenesis (163 Ma) [7] , indicating that petrogenesis and metallogenesis have a close temporal relationship. They are products of the same tectonic-magmatic event under the same dynamic background. The timing of metallogenic and petrogenesis correspond to the NW subduction of the paleo-Pacific plate beneath the Northern China plate [42, 43] and the NS closure of the Mongolia-Okhotsk Ocean [44, 45] .
Given these conditions, the asthenosphere mantle beneath the Yanshanian Tectonic Belt was perturbed, leading to partial melting of the lithospheric mantle and persistent underplating of mantle-derived magma [46] , which in turn caused the partial melting of the lower crust [6] . The magma migrated upward along the F2 deep fault, and condensed to form the Xiajinbao granitic porphyry intrusion at shallow levels. At that time, the magma differentiated to form early stage ore-forming fluids.
During the main mineralization period, the gangue mineral assemblages of carbonate, chlorite, quartz, and minor muscovite (sericite) and the lack of K-feldspar (existing in the pre-ore process) in the ore-forming processes suggests that the hydrothermal fluids were near neutral to slightly acid (pH value ranging from 4.5 to 5.3) [47] , and that gold would be transported mainly as Au(HS) 2− under a medium-low temperature condition [48, 49] 
When the early-stage fluids migrated to the secondary F4 fault, changes in the physical and chemical conditions of the fluid system led to the formation of the early-stage quartz-gold-pyrite veins. FeCl + in the magmatic fluids reacted with the reduced sulfur (mostly H 2 S) to form hydrothermal Py1 according to Equation (3) .
Fluid inclusion studies show that fluid immiscibility (boiling) occurred during the emplacement of early Au-bearing quartz veins [8] . The boiling effect could cause the emission of CO 2 from the fluids, resulting in a decrease in the H + content via Equations (2) and (3). The gold and pyrite precipitated in the meantime, and small amounts of gold entered the crystal lattice of pyrite in the form of a very limited solid solutions. As boiling continued, the type of gas emitted changed from CO 2 to H 2 S (the solubility of CO 2 is lower than H 2 S) [50, 51] . The emission of H 2 S favored the reaction in Equation (1), resulting in the substantial precipitation of gold and the end of pyrite formation (Py1) (Equation (3)). Gold in the form of nanoparticle precipitation, resulting from the loss of H 2 S, could have taken place in the micro-fissures of Py1, which is also consistent with geological observation (Figure 7) . Compared with Py1, the Au and As contents of Py2 are remarkably higher. The substitution of As − for S − in arsenian pyrite facilitates the incorporation of other trace elements, especially invisible Au, due to large amounts of defects in the pyrite structure caused by As substitution [28, 52] . The maximum amount of Au that can be incorporated into pyrite is mainly a function of As concentration [29] . The significantly large amounts of Au and As in the Py2 (Table 4) suggest that gold precipitation may be related to the crystallization of arsenian pyrite. The high concentration of Fe in late-stage sphalerite (content of Fe ranges from 1.35% to 4.48%) [25] , indicates low oxygen fugacity of the late-stage ore-forming fluids [53, 54] . Furthermore, Te-rich pyrite precipitates from reduced fluids due to fluid boiling and fluid-rock interactions [30, 55] . The concentrations of Te vary from 0.17 to 0.94 ppm in Py1 (av. 0.56 ppm), from 0.05 to 7.56 ppm in Py2 (av. 2.11 ppm), and from 0.21 to 7.71 ppm in Py1 (av. 3.37 ppm). The increase in Te concentrations from Py1 to Py3 also suggests that the oxygen fugacity in the ore-forming fluid decreased from the early stage to the late stage. The significant concentration of As in Py2 may be closely related to reducing conditions. In hydrothermal fluids dominated by H 2 S and near neutral to slightly acid pH, As is transported as H 3 AsO 3 [56] . The precipitation of arsenian pyrite (Py2) can be strongly facilitated by decreasing the oxygen fugacity [56] , expressed as Equation (4). 
Therefore, the precipitation of arsenian pyrite from the middle-stage ore-forming fluids and the occurrence of Fe-rich sphalerite demonstrate that the oxygen fugacity of the ore-forming fluid system decreased. The decrease in oxygen fugacity would promote gold mineralization via Equation (2).
As described above, the late-stage ore-forming fluids had evolved into mixed fluids dominated by meteoric water. The increasing proportion of meteoric water could lead to not only a decrease in the temperature, CO 2 , and H 2 S contents but also to changes in the physical and chemical conditions of the ore-forming fluid system; this resulted in the instability of the gold complexes and the precipitation of gold as well as Py3. Therefore, the mixing of meteoric and magmatic water appears to be a factor for the late stage precipitation of gold and Py3.
Conclusions
(1) Ni and Co entered the pyrite lattice via isomorphous replacement of Fe, and As entered the lattice via replacement of S. Te is present in the form of inclusions and isomorphs in pyrite. Te and As entered the lattice together via isomorphous replacement of S. There are well-define negative relationships in Py1 and Py2, indicating the coupled reaction of Au + + Cu + + Co 2+ + Ni 2+ ↔ 3Fe 2+ . Au and As in Py3 entered the lattice via isomorphous replacement of Fe at higher f O2 conditions. Bi, Cu, Pb, and Zn commonly coexist in the form of inclusions in pyrite.
(2) The hydrothermal pyrites in the Xiajinbao deposit vary in their geneses. Py1 and Py2 formed from magmatic waters, while Py3 was related to a mixture of evolved meteoric and magmatic water.
(3) The boiling of early ore-forming fluids caused the precipitation of Py1 and gold. The decrease of f O 2 in the ore-forming system resulted in the substantial precipitation of gold and Py2. The mixing between meteoric and magmatic water led to the precipitation of Py3 and small amounts of gold. 
